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Chapter 1: Introduction 
Many functional materials, 
alloys (FMSAs) and spintronics device 
Mn-Ga-based alloy system.  Especially in recent years, a ferrimagnetic 
D022 metastable phase and a ferromagnetic 
system are attracting much attention, because reported 
functional materials, such as rare-earth free permanent magnets and new 
spintronics device materials.  Moreover, 
Heusler-type structure undergoing 
much attention. 
In such Mn-Ga-based materials, 
the Mn-Ga-Co and Mn-Ga-Cu ternary systems
were selected as targets in the thesis.  In 
some possibilities for practical materials showing
ferromagnet (HM) in Co2MnGa 
semiconductor (SGS) in Mn2CoGa 
magnetic random access memory (STT
the Mn-Ga-Cu system, the Cu2MnGa alloy can be expected applying as the 
FMSA which can be driven at high temperature, because 
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論文内容要約  
such as ferromagnetic shape memory 
materials, have been reported in the 
L10 stable phase in the Mn-Ga 
as candidates of new 
FMSAs with X2MnGa 
martensitic transformation also have 
some alloy composition regions in 
 shown in Fig. 1(a) and (b) 
the Mn-Ga-Co system, there are 
 a half-metallic 
composition region, a spin-gapless 
region and a spin transfer torque 
-MRAM) in Mn(3-x)GaCox region.  In 
of its high Curie 
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. 
temperature.  Moreover, in both alloy systems
and L10 phases, new rare-earth free magnets 
obtained by addition of some amount of third elements
However, Mn-Ga-based ternary
hardly reported and even in the Mn
versions reported are contradictory to one another.
backgrounds, in this thesis, Mn-Ga binary and Mn
Co, Cu) ternary phase diagrams were
determined, and then some possibilities
were considered.  Especially for 
alloys, microstructural control based on information of the 
determined phase diagram was performed
novel rare-earth free permanent magnet 
This thesis is composed of 7 chapters.
 
Chapter 2: Experimental procedures 
In this chapter, the experimental procedures have described.
 
Chapter 3: Determination of the Mn
diagram 
In this chapter, the Mn-Ga binary phase diagram in 
high Mn composition region over 50 at.%
ferrimagnetic D022 phase and the ferromagnetic 
was experimentally determined.   
The phase diagram determined
thirteen stable phases have been confirmed
were precisely determined.  The composition range of many 
two-phase regions is very narrow within
phase equilibria at high temperature region
ferromagnetic L10 phase (indicated by 
separated into two single-phase region
In some Mn-Ga binary alloys, it has been reported
although relatively high magnetization is induced
aging-treatment after annealing, the 
plotted to alloy composition is separated 
in Fig. 3(a).  From comparison with
Fig. 3(b), it was confirmed that in the region of 71 
 with the D022 
are expected to be 
. 
 phase diagrams were 
-Ga binary system, some 
  From such 
-Ga-X (X = 
 experimentally 
 as functional materials 
some Mn-Ga-Cu ternary 
 in order to develop a 
with a high coercivity.   
 
 
 
-Ga binary phase 
the 
, in which both the 
L10 phase exist, 
 is shown in Fig. 2, 
 and the phase equilibria 
 about 1 - 2 %, complex 
 are shown.  The 
γ1 and γ2 in Fig. 2) is 
s by σ1 phase. 
 that 
 by 
high magnetization region 
into two peaks as shown 
 the phase diagram shown in 
– 75 at.% Mn, 
Fig. 2  Mn-Ga binary 
determined in this study.
Fig. 3  (a) Magnetization behavior
partial phase diagram 
region. 
phase diagram 
 
 and (b) 
in 60 – 80 at.% Mn 
phase transition pass as γMn (fcc) → 
metastable phase, can exist, while in the 
with ordered hcp structure via no ferro
concentration region, the magnetization 
Thus, the magnetization behavior during ageing
phase diagram.  Hence, it is important
phase before ageing possesses an fcc structure like 
 
Chapter 4: Determination of Mn-
In this chapter, isothermal section
ferromagnetic-paramagnetic transition
The β (bcc) phase including
and B2/L21 order-disorder transition temperature shows a maximum value at 
Mn25Ga25Co50 in both sections of Mn
Heusler alloy, which has been reported as a
STEM-HAADF observation.  This result means that 
gapless semiconductor do not show real condition of the alloy
was used for the calculations.  Nevertheless, m
follow the generalized Slater-Pauling rule and magnetization curves seem to be indicate 
magnetic susceptibility.  These behaviors 
polarization at least. 
Moreover, a martensitic transformation
This martensite is first reported in the 
 
Chapter 5: Determination of Mn
phase diagrams 
In this chapter, isothermal section
600 
o
C and 800 
o
C and the martensit
(especially crystal structures of the martensite phase)
the β (bcc) phase were systematically investigated
the Mn-Ga-Cu ternary system. 
Four types of martensite phases with 2M
2M-fct, 2H-hcp and 6M-monoclinic
observed in the specimens quenched from the 
region at 800 
o
C shown in Fig. 4.  In 
composition dependence of the martensite structures is 
consistent with that in the Mn-Al-Cu system
η'-D022 (fct)→ η-D019 (hcp), where the η' ferrimagnetic phase 
vicinity of 70 at.%Mn, the ε (hcp) phase directly
- or ferri-magnetic metastable phase.  Furthermore, i
increases again by the appearance of ferromagnetic stable 
 reported in the Mn-Ga system can be understood by 
 in order to obtain the metastable phase Mn3Ga-D
γMn. 
Ga-Co ternary phase diagrams 
 diagrams at 800 
o
C, 900 
o
C and 1000 
o
C, and
s in the Heusler phase were investigated for the Mn
 the Heusler phase exists in wide composition range at high temperatures, 
around stoichiometric con
(50-x)GaxCo50 and Mn(76-x)Ga24Cox.  The crystal structure of Mn
 spin gapless semiconductor, is suggested to be
the previous ab-initio calculations
, since Hg2CuTi type structure
agnetic moment of Mn(76-x)Ga24Cox (25 ≤ 
suggest a possibility that the present alloys have a relatively
 was successfully obtained by quenching
Mn-Ga-Co system, and further investigations are required
-Ga-Cu ternary 
 diagrams at 
ic transformations 
 in 
 for 
-fcc, 
 structures were 
β phase 
the Cu-corner, 
, i.e., 2H 
Fig. 4  Mn-Ga-Cu ternary phase diagram at 800 
oC.  Symbols in the figure show 
where martensite phase appears
appears for a 
 transforms to the η-D019 
n much lower Mn 
γ1-L10 phase.  
using this 
022 (η' phase) that parent 
 the order-disorder and 
-Ga-Co ternary system. 
centration, 
2CoGa 
 L21b type by 
 suggesting the spin 
, but not L21b type, 
x ≤ 50) alloys well 
a very small high-field 
 high spin 
 from β phase region.  
. 
compositions 
. 
and 6M type martensites appear in the higher and lower Ga regions, respectively, and the boundary is located at 
about 20 at.% Ga.  Confirmation of shape memory effect for these martensite alloys was difficult due to too high 
reverse transformation temperature and fast phase decomposition caused by high atomic diffusivity.  It was also 
found that axial ratio c/a of the 2M-fct martensite is highly dependent on Cu concentration. 
 
Chapter 6: Alloy design for new magnetic materials 
In this chapter, microstructural controls for some alloys, which seem to be a candidate of a new rare 
earth-free magnet, were carried out by using the phase diagrams determined in Chapters 3 - 5. 
In Mn-(20-25)Ga-5X (X = Co, Cu) alloys, microstructure finely dispersing metastable D022 phase with 
single magnetic domain was tried to be formed in γMn phase. While decreasing from that in the Mn-Ga binary 
alloy by addition of Co, coercivity and residual magnetization slightly increase by addition of Cu.  
On the other hand, in Mn-19.0Ga-25.3Cu ternary alloy, high coercivity of about 20 kOe was obtained by 
a novel microstructure control method using combination of 2M-fct martensitic transformation appearing in the β 
phase region (Fig. 4) and spinodal decomposition of the fct martensite phase.  The high coercivity may result 
from pinning of domain wall motion, but not from isolated particles with single magnetic domain as the previous 
case.  Additionally, the coercivity of about 25 kOe, which is comparable to that of the Nd-Fe-B rare-earth magnet 
as a bulk permanent magnet, was achieved by aging at 300 
o
C in this alloy.   
By composition analysis of STEM-EDX, the main magnetic phase in this alloy was confirmed to be η'- 
D022 phase. This result implies that the D022 phase can be obtained from not only γMn phase, but also fct 
martensite phase and that the composition region to obtain Mn3Ga-D022 (η' phase) is not limited by existing 
region of the γMn.  Thus, a new rare-earth free magnet and its fabrication method using martensitic 
transformation have first been proposed in this thesis. 
 
Chapter 7: Conclusions 
In this chapter, the contents of chapters 1 through 6 are summarized. 
